Infrared study of giant dielectric constant in Li and Ti doped NiO 
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We have measured optical reflectivity of Li and Ti doped NiO (LTNO) in the infrared range at 
various temperatures. A Drude-like absorption is found at low energy, u> < 100 cm -1 and its spectral 
weight increases substantially as temperature decreases. This observation and DC-resistivity result 
show that LTNO has a conductive grain and resistive boundary. Such composite structure provides 
evidence of the Maxwell- Wagner (MW) mechanism as the origin of the high dielectric constant e . 
We propose a three-phase granular structure and show that this extended MW model explains the 
observed frequency and temperature dependence of the dielectric constant as well as the giant value 

Of £ . 

PACS numbers: 63.20.-e,77.22.Ch,78.30.-j 



The search for high dielectric constant (e ) materi- 
als has been driven by the continuing demand for elec- 
tronic devices miniaturization. As a capacitor compo- 
nent, the high dielectric constant enables the reduction 
of the circuit size and can realize the tera-bit density 
static/dynamic random- access memoryi It is also needed 
as a resonator and filter in the microwave telecommuni- 
cation. High e of ~ 1000 is found in ferroelectric ox- 
ides such as BaTiOa and in dielectric relaxors such as 
(Bi,Sr)Ti03. 2 However, in these materials, the dielectric 
constant is strongly temperature dependent and the ap- 
plication is often limited. 

The finding of huge dielectric constant in 
CaCu3Ti40i2(CCTO) has provided a new subject 
of studyA4 e of CCTO is high (> 10 5 ) and has 
small frequency and temperature dependence which are 
advantageous for practical use. Accumulating evidences 
exclude this material from the ferroelectric/relaxor cate- 
gory. He et al. made a first principle calculation of the 
lattice and electronic structure of CCTO but found no 
direct link of these intrinsic properties with the high e £ 
As an alternative, extrinsic origin associated with the 
composite microstructure has been considered^^*^ In 
the internal barrier layer capacitor (IBLC) theory, the 
bulk CCTO is assumed to consist of semi conductive 
domain and insulating boundary, caused by the twinning 
of the unit cell^ This composite capacitor structure can 
give rise to the high e a in the capacitance measurement 
through the Maxwell- Wagner mechanism (MW). Also 
the decrease of e Q when Ca is replaced by Cd was 
understood in this pictured 

Recently, Wu et al. found that a Li and Ti co-doped 
NiO (LTNO) sample exhibits a giant dielectric constant. 9 
The high £o (> 10 4 ) is maintained over wide frequency 
range (10 2 Hz - 10 6 Hz). As in the case of CCTO, e 



drops above a characteristic frequency T(~ 10 5 Hz at 
250 K). Even after the drop, the dielectric constant is 
still significant, ^300. This frequency dependent behav- 
ior is described numerically by the Debye form, e{uj) — 
£oo + (£o — £oo)/(l — io)/T) where e (£oo) represents the 
static (high frequency) dielectric constant. e is known to 
change with the Li and Ti concentration. As T decreases, 



T decreases drastically as L(T) ~ e 



-U/kT 



The high e Q 



is absent in NiO. Thus, a comparison of LTNO and NiO 
through a spectroscopic study will provide useful infor- 
mation on the origin of the high dielectric constant. 

In this work, we have made infrared reflectivity mea- 
surement of LTNO and NiO to study the effect of Ni-site 
substitution on the structural and electronic properties. 
The infrared features we observe show that Li and Ti 
doping yields the IBLC structure in LTNO. Then we an- 
alyze the high dielectric constant in terms of the MW 
theory and find that various aspects of s(lo) such as the 
w- and T-dependence can be coherently explained. 

The Lio.05Tio.02Nio.93O (LTNO) and NiO pellets were 
prepared by the sol-gel method as described in Ref. 9. 
Near-normal incident reflectivity R(w) was measured in 
the frequency range of 25 - 5000 cm -1 using a Fourier 
transform spectrometor(Bomem DA8). The cubic struc- 
ture of LTNO enables the probe of intrinsic property with 
the polycrystal samples. The sample was mounted in a 
closed cycle He-flow cryostat (Oxford) and the tempera- 
ture was varied between 50 and 300 K. 

Figure 1 shows the infrared spectra of LTNO and NiO 
taken at room temperature. In Fig. 1(a), the reflectivity 
of NiO shows a typical behavior of a dielectric insula- 
tor. R(w) consists of a IR-active phonon structure and a 
flat electronic background at low frequency. The former 
is composed of a transverse optical (TO) and a longitu- 
dinal optical (LO) mode of Ni-0 oscillation which corre- 
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FIG. 2: Temperature dependent reflectivity of (a) LTNO and 
(b) NiO 



FIG. 1: Comparison of infrared spectra of LTNO and NiO: 
(a) Reflectivity (b) Conductivity (c) Dielectric constant 



sponds to the peak at 400 cm" 1 and the dip at 620 cm" 1 , 
respectively. In LTNO, the overall structure of K(uj) is 
similar to that of NiO, except that the level is somewhat 
higher 

From R(w), we obtained the optical conductivity o\ (u>) 
(Fig. 1(b)) and the dielectric constant E\(uj) (Fig. 1(c)) 
through the Kramers-Kronig transformation. Here we 
used a constant-reflectivity extension for the low fre- 
quency extrapolation ui — > 0. For the high frequency 
side, R(w) was extended to 20,000 cm" 1 above which 
the standard form R(w) ~ u was employed. In cri(u>), 
while the phonon spectra are similar in the two sam- 
ples, we find that two weak structures appear at ~ 320 
cm" 1 and 200 cm" 1 in LTNO. These absorptions may 
suggest a structural distortion due to the (Li,Ti) sub- 
stitution which can activate new phonon modes. In the 
£\{lo) plot, these absorptions appear as dispersive struc- 
tures as indicated by the arrows. They contribute to 
enhance E\ but the strengths are weak and are unlikely 
to be related with the high e . 

Figure 2 displays R(w) of LTNO and NiO at various 
temperatures down to 50 K. In LTNO, we find two T- 
induced changes as indicated by the arrows. As tem- 
perature decreases, the reflectivity increases continuously 
in the phonon region around 550 cm -1 . The other fea- 
ture occurs at low frequency below ~ 100 cm" 1 where a 
Drude-like absorption is found to grow. The former in- 
crease occurs over the Restrahlen band, 400 — 600 cm -1 
where £\(u>) < 0. The reflectivity level in this range 
depends on the phonon damping rate. At low T, the 
phonon damping is reduced and the Restrahlen band be- 
comes more reflecting. Except this minor change, the 
phonon structure does not exhibit any T-dependent be- 
havior in the strength and frequency. This is in clear 



contrast with the case of the ferroelectric materials such 
as SrTi03 and the cubic perovskite CCTO where the 
phonon peaks change drastically due to the lattice rear- 
rangement or the charge redistribution within the unit 
cell&ii In LTNO, therefore, the lattice effect is un- or 
minimally coupled with the high dielectric constant. In 
NiO, note that the Drude-like feature is absent, which 
shows that the feature is an effect of the Li / Ti doping. 

Figure 3 shows this interesting low frequency absorp- 
tion in an expanded scale. The feature is weak at 300 
K but grows continuously with decreasing T to a sub- 
stantial amount. We think that this metallic feature is 
associated with the Li (and possibly Ti) ions which can 
have different electronic valency (+1 for Li) from that of 
Ni ion (+2). We used the Drude-Lorentz model based on 
the classical dispersion theory to fit R(w) 

■c-^ SiLof 4iri 
e{UJ) = Eoo + > —2 5 : 1 

Ujf ~ UJ Z — IJild Ul 
i L 

Here £oo represents the high frequency dielectric contri- 
bution. As for the phonon part (the second term), we 
followed the analysis of Gielisse et al. who used two sets 
of TO-LO modes to fit the phonon spectrum of NiO. 12 
Si, u>i and ji represent the oscillator strength, frequency 
and damping rate of the i-th mode. We also included 
two weak absorptions at 200 and 320 cm" 1 . In the 
Drude term, cr(w) = ti> 2 /4yr(7 — iui) represents the ac- 
conductivity where ui p and 7 correspond to the plasma 
frequency and scattering rate, respectively. The inset 
shows the fitting result over a wide range. The fit- 
ting parameters are summarized in Table 1. As T de- 
creases, we find that tu p and 7 increase. This behav- 
ior will be discussed later on. DC resistivity calculated 
from p = 59.9 x j/u)i (CI ■ cm) shows a moderate de- 
crease with lowering T, suggesting a poor metallic char- 
acter of the carriers. In Eq.(l), when ui is low enough 
than the phonon frequencies, the first two terms can be 
simplified as £00 + J2i = £ ir and Eq.(l) is reduced to 
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FIG. 3: T-dependence of the low frequency reflectivity. The 
solid lines are the fitting curves using the Drude-Lorentz 
model, Eq.(l). Inset: the fit over wide range of frequency 
for 50 K reflectivity. 



s(u>) = £i r +ATricr(u))/u). We will use this convenient form 
when we discuss below the high e of the radio frequency 
range, lu < 10 6 Hz. We take e 2 > ~ 10, the value of E\ at 
the low frequency limit of Fig. 1(c). 

In the Maxwell- Wagner theory, high dielectric constant 
can arise in a material with granular structure. Wu et al. 
showed that LTNO sample consists of the grains (~ \im 
in size) separated by thin boundary layer ^ In such com- 
posite geometry, e(uj) from the capacitance measurement 
is given as 



1 



fb 



(1) 



where (e g (uj) 7 fg = 1 — fb) and (£t,(w), fb) represent the 
complex dielectric constant and volume fraction of the 
grain and the boundary, respectively. With /i<l the 
boundary contribution is negligible to the infrared reflec- 
tivity and R(w) is dominated by the grain. From the ef- 
fective medium theory, the infrared result e(u>) represents 
the E g (uj)m& As for £&(w), the boundary layer is thought 
to be highly resistive: we measured the DC-resistivity 
p of LTNO using the four point probe method^ At 
all T, p was greater than the limit of the voltmeter, 
while p ~ 1 (Q- cm) is expected from the IR spec- 
tra (Table 1). This suggests that the current of the 
Drude carrier is blocked by the boundary. We have 
then £fe(w) = £i r + iAirab/uj , erf, <C o g . With these 
e g (id) and £b(w), we find that e(lu) has the Debye-type 
^-dependence, e(lu) = Ei r + (e — £i r )/(l — iu/T). Here 
the static dielectric constant e is given as £i r / fb- If we 
take fb = 10 -3 , the large Eq = 10 4 is produced. On the 
other hand, the crossover frequency T is determined by 
the grain conductivity. It is given approximately as the 
dc- value <J g (o) = a g . From p = l/cr gi we obtain T ~ 10 10 
Hz at 300 K. This value is far off from the measured 
r of Ref. 9, r ~ 10 7 Hz. Also, a g increases as T de- 
creases, which is the opposite of the drastic decrease of 
the measured T. Moreover, for lu » T, e(lo) converges 
to £i r ~ 10, which does not agree with the observed value 
~ 300. 9 In this context, the two phase MW model does 
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260.0 
287.7 
0.25 


207.6 
208.7 
0.29 


160.1 
144.1 
0.33 


137.5 
123.6 
0.39 


108.3 
98.8 
0.50 



TABLE I: Fitting parameters of the Drude conductivity: 
f2 p =plasma frequency, 7=scattering rate. The dc resistivity 
p is calculated from Q p and 7) (see text). £00 =5.0 was used. 
The phonon parameters are omitted for brevity 



not explain the dielectric constant of LTNO which sug- 
gests that another ingredient should be involved. 

Micro granular structure of oxide materials is often 
rather complicated. In La-doped BaTi03, for example, 
the outer region of a grain is considered to have different 
electrical property from the interior, and forms a third 
layer between the grain and the grain boundary. West et 
al. used this three-layer picture to explain the dielectric 
response of La:BaTiQ 3 i 15 i 16 i 17 We consider this picture, 
among others, as a possible explanation of our case: Ac- 
cording to a composition analysis of LTNO, Li ions are 
distributed within the grain but Ti ions are segregated to- 
ward the boundary^ We propose that they form a third 
layer between the grain and the boundary. This layer 
will be more resistive than the boundary layer: We as- 
sume that the boundary layer is bare NiO. It is known 
that pristine NiO has residual Ni vacancies. The dilute 
vacancies induce carriers (hole) which conduct through a 
thermally activated hopping Ob — a e~ u / kT with U ~ 0.1 
eVi^i^ In the Ti-rich layer, the electrons from Ti ions 
will compensate the holes from the Ni vacancies, which 
makes the layer insulating (a — 0). This layer contributes 
fi/Ei(uj) to Eq.(2) where //( << 1) and Ej — Ei T rep- 
resent the volume fraction and the dielectric constant, 
respectively. 

The resulting e{u>) is shown in Fig. 4. In this simula- 
tion, we used the parameters fb = 3 x 10~ 2 ,// = 10~ 3 
and U = 0.3 eV . In the upper panel, e(u>) exhibits a two- 
step structure where e(0) = 10 4 drops at 10 — Yl (10 4 
Hz), followed by another drop at higher lu = Th (10 12 
Hz). This behavior is understood from e(lo) of the three 
layers, s(u>) — Ei r + iAira/ui where a g 3> Ob ^> 07 = 0. 
When lu is high enough, e(uj) of each layer becomes Ei r 
and so does the total e(u). This corresponds to the 
lu > Th region. As lu decreases, the conducting term be- 
comes comparable to Ei r for the grain layer, Ei r ~ 47rcr g /a; 
while the other two layers are still insulating. This sit- 
uation corresponds to the two-component MW case of a 
conducting grain and an effectively single layer of bound- 
ary with a volume fraction of fb + fi- Then e in this range 
is given as e — £i r /(fb + fi)- The crossover occurs when 
Eir ~ o'g/ui which determines Th = Cg/£ir- Note that e 
is much higher than the infrared value £i r , £ ~ 30 x £, r . 
This result accounts for the puzzling discrepancy of the 
dielectric constants from the infrared result and from the 
microwave result. As lu is further decreased, the crossover 
now occurs in the boundary layer when £i r ~ Anab/ou. 
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FIG. 4: Dielectric constant simulated from the three phase 
MW model, (a) Two step structure of e(uo). Yl and Yh rep- 
resent the the low and the high energy crossover frequencies 
respectively, (b) Shift of Tl with temperature. 

Then a single effective grain is formed and the MW com- 
posite has an insulating layer of //. Here e = £i r / fi and 
this crossover occurs at Tl = a^jeir. 

Unlike Th, Tl exhibits a large temperature depen- 
dence. In the lower panel, we show s(u>) for various T. As 
T decreases, Tl shifts rapidly due to the T-dependence 
of <t& . This behavior closely reproduces the experimental 
results. Also, the high dielectric constant of LTNO is 
known to depend on the Li and Ti concentration. If Ti 
becomes rich, in our picture, // tends to increase and e 
will decrease. On the other hand, if Li content increases, 
the grain becomes Li-abundant. When continued, even 
the boundary region will be overwhelmed by Li and the 
Ti-layer will become thinner. Then // decreases and e 
is enhanced, consistent with the observed behavior. Al- 
though the model we have employed seems to explain 
the main features of the dielectric phenomena of LTNO, 
it certainly needs to be tested by further experiments. 
e(u>) measurement to observe the drop at u>= Th will 
be useful. This requires an extension of the current ex- 
perimental window ( u> < 10 6 Hz) to higher fequency. 



Also extension of the reflectivity measurement toward the 
lower frequency, perhaps using a terahertz spectroscopy 
and a resonant microwave cavity method will be interest- 
ing. Further, a direct evidence of the three layer structure 
using a scanning probe microscopy is desired. 

The Drude carrier is quite unconventional in that the 
plasma frequency lu p increases as T decreases while it 
is conserved in normal metals. We note that NiO is a 
Mott-Hubbard insulator and the doped LTNO can ex- 
hibit some unusual features of the strong electron corre- 
lation origin. In a numerical study using the dynamic 
mean field theory, the spectral weight of the Drude con- 
ductivity (ujp) in a doped Hubbard system seems to grow 
as T decreases ^Another unusual feature is the increase 
of the scattering rate T with decreasing T which is the 
opposite of the conventional behavior. This may suggest 
an exotic scattering mechanism in LTNO which we do 
not understand at this point. 

In summary, we have studied the effect of Li and Ti 
doping in NiO through the infrared spectroscopic mea- 
surement and considered the implication on the high di- 
electric constant of LTNO. We find that the doping brings 
about a Drude carrier which coexists with a resistive 
grain boundary. This composite structure of electrically 
different media support the Maxwell- Wagner mechanism 
as the origin of the high e . Our analysis showed that, 
however, a two phase MW model does not account for 
the observed behaviors of e(u) such as the frequency de- 
pendence. We introduced a third layer, assumed to be 
insulating, and showed that the three phase MW model 
can explain the high e, the u— and T— dependence. 
The large discrepancy between the infrared e and the 
microwave e is reconciled as well. For complete under- 
standing of this material, extension of the spectroscopic 
study into the intermediate region between the infrared 
and the microwave frequencies, 10 6 Hz < u> < 10 11 Hz 
will be interesting. 
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